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Flexible functional devices based on two dimensional (2D) materials
are extremely suitable for malleable, portable and sustainable applica-

Conceptual insights

tions, such as health monitoring, electronic skin and optoelectronics.

Transition metal dichalcogenide (TMD) material based optoelectronic
devices have been developed rapidly due to their excellent visible light
response and ultra-fast photovoltaic conversion. We demonstrate that
applied strain can further dramatically tune the optoelectronic properties
in TMD p–n junctions owing to piezo-phototronics, while most of the
previous studies have avoided or reduced the impact of strain dependent
properties. The largest piezoelectric effect in monolayer MoS2 is in-plane
and occurs along the Mo–S bond orientation, which can easily be
identified by the triangle shape of CVD-grown MoS2. When strain is
applied to MoS2 along the Mo–S bond direction, piezo-charge will be
induced and control the carrier generation, transport, separation and/or
recombination at the interface of p-CuO/n-MoS2, improving the
performance of optoelectronic devices. As a result, both the photoinduced current and sensitivity of the pn junction based photodetector
are largely enhanced. This method provides a new strategy to improve the
optoelectronic properties in TMD based pn junctions by applying strain.

In this work, we developed a flexible photodetector based on a
p-CuO/n-MoS2 heterojunction with an enhancement in photocurrent
and detection sensitivity. Because of the non-centrosymmetric structure in monolayer MoS2, the piezo-potential induced by applied
strain adjusts the band structure at the heterojunction interface and
broadens the depletion region based on the piezo-phototronic eﬀect.
The border depletion can be discreetly used to improve the photogenerated carrier separation and transport to enhance photoresponse performance. When illuminated by a 532 nm laser, the
photocurrent of the heterojunction can be enhanced 27 times
under a tensile strain of 0.65% compared to strain free conditions
and the detection sensitivity can reach up to 3.27  108 Jones.
As a result, our research provides a new strategy for novel design
and performance optimization of 2D material heterostructures in
the application of optoelectronics.

Introduction
Transition metal dichalcogenides (TMDCs) have recently emerged
as a new class of semiconductor materials of electronics and
optoelectronics.1,2 Molybdenum disulfide (MoS2), the representative of TMDCs, not only has a 1.8 eV direct band gap for the
monolayer, which is superior to that of graphene (zero gap), but
also has other advantages such as good stability and brilliant
optoelectronic properties.2–4 However, most photodetectors,5,6
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phototransistors,7 solar cells8,9 and other optoelectronic devices
with excellent performance based on monolayer MoS2 are often
fabricated on hard substrates (silicon wafer, sapphire, etc.).
2D materials, owing to their outstanding ductility and high
mechanical strength,10 are well adapted for flexible optoelectronic
devices in new application fields, such as biomedical diagnosis,
personal health monitoring and wearable communication.11–13
However, it is challenging to achieve a better performance on
polymer-based flexible substrates due to inevitable substrate
strain, the limitation of transferring methods and complex
fabrication. Among them, for flexible optoelectronics, strain
from a flexible substrate has a large influence on the device
performance, due to the piezoresistive effect, stress concentration
and stress softening. Although there were a few reports14,15 of
TMD based flexible devices in the last several years, they avoided
or reduced the impact of strain as far as possible. Our study
aims at applying the inevitable substrate strain to improve the
performance of photodetectors based on the strong piezoelectric effect in monolayer MoS2.
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Fig. 1 Fabrication flowchart of the flexible p-CuO/n-MoS2 heterojunction photodetector. (a) Monolayer MoS2 grown on the SiO2/Si substrate and
flexible PET substrate with a layer of SU-8. (b) Transferring MoS2 to the PET substrate using a PMMA-assisted method. (c) Using magnetron sputtering to
deposit a layer of CuO film on defined areas exposed by EBL. (d) Depositing Cr/Au (10/100 nm) electrodes by EBM.

Fig. 2 The characterization of monolayer MoS2 and p-type CuO. (a) Optical reflection image of CVD growth of a typical triangle monolayer MoS2 on the
SiO2/Si substrate. The inset shows the thickness of MoS2 is E0.7 nm which is measured by AFM. (b) The Raman spectrum of the CVD grown MoS2 on the
SiO2/Si substrate. The frequency separation between E12g and A1g peaks is 20.07 cm 1 MoS2. The excitation laser is 532 nm. (c) The photoluminescence
spectrum of the CVD grown monolayer MoS2. The excitation laser is 532 nm. (d) The XRD spectrum of p-type CuO film deposited by magnetron sputtering.
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Recently, a piezoelectric eﬀect in MoS2 with an odd number of
atomic layers was reported which could be used to modulate the
height of the schottky barrier in metal-semiconductor contacts
and/or power nano-devices owing to its non-centrosymmetric
structure13,16 Moreover, it is easy to identify the Mo–S bond
orientation (direction with a strongest piezoelectric effect) from
the triangular single-layer CVD grown MoS2.17,18 Meanwhile, the
piezo-phototronic effect is to use the piezopotential to control the
carrier generation, transport, separation and/or recombination
for improving the performance of optoelectronic devices, such as
photodetectors, solar cells, LEDs and pressure-sensitive photoluminescence imaging.19–23 Although the piezo-phototronic
effect has been well studied in wurtzite ZnO or GaN nanowire
based LEDs, solar cells and photodetectors, there is still a lack of
research on how piezopotential tunes the photoelectric properties in a monolayer 2D material based heterostructure.24,25
In this study, we developed a flexible p-CuO/n-MoS2 heterojunction photodetector to obtain high optoelectronic performance by the piezo-phototronic eﬀect. High quality triangular
monolayer n-type MoS2 grown by chemical vapor deposition
(CVD) was used to form a p–n heterojunction with a p-type CuO
film deposited by magnetron sputter deposition. Under the
external stimuli, the piezopotential induced by piezoelectric
charges at the side of the monolayer MoS2 adjusted the band
structure at the interface of the heterojunction and separated
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the photogenerated electron–hole pairs more effectively to increase
the photocurrent. In addition, the structure of the p–n junction
can also reduce the screening effect from a lot of free electrons in
n-type materials and depress the dark current in order to get larger
photoresponsivity and higher detection sensitivity. Our flexible
photodetector based on p-CuO/n-MoS2 gave an ultra-low dark
current of 0.039 nA and a detection sensitivity of 3.27  108 Jones.
The results demonstrate that the piezo-phototronic effect has
potential for improving the performance of electronics and
optoelectronics based on 2D materials and related heterostructures, especially for flexible sensing applications.

Results and discussion
The fabrication process of the flexible CuO–MoS2 heterojunction device is illustrated in Fig. 1. MoS2 monolayers were
firstly grown on silicon wafers with a 300 nm thick silica layer
(SiO2/Si) by chemical vapor deposition (CVD), as described in
previous studies.18,26 Secondly, an SU-8 photoresist was spincoated on a PET substrate to get a relatively flat and smooth
surface. After spin-coating, the PET substrate was baked at
135 1C for two hours. Thirdly, the monolayer CVD-grown MoS2
was transferred to the PET substrate by using polymethylmethacrylane (PMMA) as shown in Fig. 1b.27,28 Fourthly, a

Fig. 3 (a) Schematic diagram of the flexible photodetector based on the p-CuO/n-MoS2 heterojunction. (b) I–V curve of the p-CuO/n-MoS2
heterojunction in the dark and in a strain free state. The inset is the optical image of the device. (c) I–V curves of the heterojunction in the dark with
increasing tensile strain. (d) I–V curves measured at 0.65% tensile strain and different illumination light powers. All curves were measured at room
temperature and in the air. A 532 nm laser was used to excite the photocurrent.
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PMMA electron beam resist was spun on the PET substrate and
a specific area was exposed by electron beam lithography.
Fifthly, a 150 nm thick p-type CuO film was deposited by
magnetron sputtering to form a p–n junction with MoS2. Finally,
Cr/Au (10 nm/100 nm) electrodes were deposited on both sides of
the p-CuO/n-MoS2 heterojunction by electron beam lithography
(EBL) and electron beam evaporation deposition (EBM) (Fig. 1c
and d). In detail, the polarity orientation (C axis) of the CVD-grown
MoS2 from the S to Mo atom with a strongest piezoelectric effect
was indicated by the red arrow as shown in Fig. 1e. In order to
investigate the performance modulation of the piezoelectric effect,
both the rectangle p-type CuO film and Cr/Au electrodes were
deposited perpendicular to the C axis of MoS2.
Fig. 2a shows the surface morphology of the CVD grown
triangle MoS2 on the SiO2/Si substrate using an optical microscope. The typical side length ranges from 40 to 70 mm. Besides,
the thickness of the MoS2 flakes is around 0.7 nm, measured by
atomic force microscopy (AFM), which approaches the theoretical
thickness of monolayer MoS2.29 Raman and photoluminescence
(PL) spectra of the CVD-grown monolayer MoS2 flakes are presented in Fig. 2b and c, respectively. The energy diﬀerence between
its A1g (405.02 cm 1) and E12g (384.95 cm 1) Raman modes is
20.07 cm 1, confirming that the MoS2 flakes are monolayers.30,31
The PL spectrum consists of two peaks at 670 nm (1.85 eV) and
620 nm (2.00 eV), corresponding to the A and B direct gap optical
transition.32 P-type CuO film was fabricated by a standard
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magnetron sputter deposition using a high purity Cu target and
Ar/O2 (1 : 4) sputtering gases at room temperature. It has excellent
quality further proved by the XRD spectrum (Fig. 2d).33,34
The structure of the flexible p-CuO/n-MoS2 heterojunction
photodetector is demonstrated in Fig. 3a. We used a 532 nm
laser (facula diameter is about 3 mm), to illuminate the side of
MoS2 and avoid the photoresponse influence from the p-CuO
layer. A high precision manual translation table was used to
bend the PET substrate. By this means, well controlled strain can
be applied to the monolayer MoS2, as shown in Fig. S1 (ESI†).
Moreover, we examined the photoresponse of the pure p-CuO
film in diﬀerent tensile strain states and at various optical power
densities (Fig. S2a and S2b, ESI†). The results indicate that the
photoresponse of CuO in the scope of illumination power is very
small and can be omitted comparing to the performance of the
p–n heterojunction device. The photoresponse of pure monolayer MoS2 is also studied and the device just performs the
piezoresistive effect (Fig. S2c and S2d, ESI†). Next, the I–V
characteristics of the p-CuO/n-MoS2 heterojunction were investigated with various illumination power densities and strains.
Fig. 3b shows good rectification characteristics of the p-CuO/
n-MoS2 heterojunction under dark and strain free conditions. It
had an ultra-low dark current of 0.039 nA even under 10 V
forward bias, which was advantageous for high performance
optical sensing. The relationship of the photogenerated current
with different strains in the dark is presented in Fig. 3c.

Fig. 4 The strain dependence of the (a) photocurrent, (b) DI/Idark, (c) R/R0 and (d) detectivity (D*) at diﬀerent power densities at a bias of 10 V.
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The dark current under 10 V bias increases from 0.039 nA to
0.12 nA with increasing tensile strain from 0% to 0.65%. This is
mainly attributed to the piezotronic effect of single layer MoS2
(positive piezopotential induced by tensile strain tunes the
bandgap at the heterojunction interface of CuO and MoS2). In
order to further investigate the influence of the piezo-phototronic
effect on the p-CuO/n-MoS2 heterojunction performance, we
tested the I–V characteristic with increasing illumination power
density from dark to 1656 mW cm 2 and tensile strain from 0% to
0.65%. The photocurrent is always enhanced with the increasing
of either the luminous power or tensile strain. The photocurrent
of the p–n heterojunction device can reach to the maximum
value of 108 nA under 1656 mW cm 2 illumination and 0.65%
tensile strain, which is about a 2770 times improvement in
current output compared to its dark current in a strain free state.
Meanwhile, the time-dependent photoresponse of the device to
periodical on/off illumination under different tensile strains is
shown in Fig. S3 (ESI†). The device has excellent stability under
various strains over a long time period.
According to the I–V characteristics of the p-CuO/n-MoS2 heterojunction photodetector, we evaluated the photocurrent (Iph), photosensitivity (DI/Idark), relative changes in photoresponsivity (R/R0), and
detectivity (D*) under different illumination intensities (0 mW cm 2
(dark), 2.66 mW cm 2, 135.92 mW cm 2, 653.50 mW cm 2,
1656.05 mW cm 2) and tensile strains (0%, 0.18%, 0.31%, 0.65%),
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as summarized in Fig. 4. The relationship of photocurrent Iph
with different tensile strains under various power densities
is shown in Fig. 4a. Under the 532 nm laser illumination, the
photocurrent increases with the increasing of strain due to the
piezo-phototronic effect. When the illumination power is fixed
at 1656.05 mW cm 2, the photocurrent Iph is enhanced 27 times
under a strain of 0.65% compared with strain-free conditions.
To demonstrate its photoresponse mechanism clearly,
the photosensitivity is calculated using the formula DI/Idark =
(Ilight Idark)/Idark, where the Ilight and Idark are the output current
with and without illumination under a certain external strain,
respectively. Meanwhile, the relative change in responsivity is
defined as R/R0 (R0 is the corresponding R under strain-free
conditions) for different power densities. It can be seen that
the relationships of DI/Idark and R/R0 with tensile strain have a
similar manner as photocurrent Iph under different illumination
powers in Fig. 4b and c. The maximum values of DI/Idark and R/R0
are 873 and 2680% respectively, achieved at the highest tensile
strain of 0.65% and light power of 1656.05 mW cm 2, owing to
the piezo-phototronic effect on modulating energy and the
structure at the interface of CuO/MoS2. Moreover, we show the
photoresponsivity of our photodetector in Fig. S4 (ESI†), which
also increases with the increasing of strain due to the piezophototronic effect. The detectivity under different strains is
calculated using formula the D* = R/(2eIdark/S)0.5, where e is the

Fig. 5 (a) Band diagram of the p-CuO/n-MoS2 heterojunction in the equilibrium state with forward bias. DEc = 0.13 eV, DEv = 0.68 eV. (b) Band diagram
with forward-bias voltage in a strain free state (black line) and tensile strain state (purple line). When tensile strain is applied, the induced positive
piezoelectric polarization charges at the interface will cause a decline for the band edge (purple line) and increase the width of the depletion zone. For
the color gradient, red represents positive potential and blue represents negative potential.

This journal is © The Royal Society of Chemistry 2017
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quantity of electric charge, Idark is dark current and S is
the effective surface area of the CuO/MoS2 heterojunction
photodetector. We found that D* reaches the highest value of
3.27  108 Jones under the highest strain of 0.65% and lower
light power of 2.66 mW cm 2 in Fig. 4d.
In order to elucidate the intrinsic mechanism of piezophototronics for modulating the photoresponse performance
of the p-CuO/n-MoS2 heterojunction, its band structures of
the heterojunction with/without tensile strain have been compared. Fig. 5a shows its band diagrams under strain-free and
forward bias conditions. The electron aﬃnity and band gap of
p-CuO are 4.07 eV and 1.35 eV, respectively35 while the monolayer MoS2 has 4.2 eV electron aﬃnity and 1.8 eV direct band
gap.36 Therefore, a conduction band oﬀset DEc = 0.13 eV and a
valence band oﬀset DEv = 0.68 eV present at local heterostructure interface. The electrons and holes flow towards CuO and
MoS2 respectively because of the joint action of built-in electric
field and external forward bias. Under the laser irradiation of
532 nm (2.33 eV), the photo-generated electron–hole pairs are
separated by a built-in field, producing external photocurrent.
When tensile strain is applied to the flexible device, monolayer
MoS2 generates the mechanical deformation and produces
positive piezoelectric charges at the heterostructure interface
due to the piezotronic effect. As a result, the positive piezopotential induced by polarization charges enhances the conduction band and valence band energy level bending of MoS2
near the interface and the depletion zone is broadened at the
same time. At the interface of CuO/MoS2, both stronger electric
field and the expanded depletion zone provide an extra driving
force to separate photo-generated electrons and holes more
efficiently. Meanwhile, it also reduces the recombination of
photogenerated electron–hole pairs, accelerates the transportation of carriers and increases photocurrent. Therefore, under the
forward bias, the photocurrent increases a lot mainly because
of the piezo-phototronic effect (Fig. 5b). Of course, the piezoresistive effect can also cause an increase of photocurrent, but it is
considered as the ‘‘volume effect’’ and has an equivalent change in
the device performance under either dark or illumination conditions, as shown in Fig. S2d (ESI†). However, our experimental
results manifest that the performance of the photodetector has
more enhancement by applying tensile strain in illumination than
that in the dark. In summary, the piezo-phototronic effect plays
a major role in the photoresponse enhancement of the p-CuO/
n-MoS2 photodetector.
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dramatically adjusted the band structure in the interface
of the monolayer MoS2-based heterojunction and separated
photogenerated electron–hole pairs more effectively to increase
the device photocurrent. Here, the flexible p-CuO/n-MoS2
photodetector under 0.65% tensile strain has up to 27 times
improvement in responsivity compared to strain-free conditions with a detection sensitivity of 3.27  108 Jones in low light
illumination. Due to the ultra-flexibility and high mechanical
strength of 2D materials, TMDCs (MoS2, WSe2, MoTe2, etc.)
with the piezoelectric effect will be more competitive for
nanoelectronic devices for applications in flexible sensors and
ultrathin optoelectronics.

Methods
Growth procedure and transfer of MoS2
Monolayer MoS2 was grown on 300 nm thick SiO2/Si substrates by chemical vapor deposition. A quartz boat containing
15 mg MoO3 powder (Z99.5%, Sigma Aldrich), which served as
a precursor, was positioned in the center of a furnace and the Si
substrate was placed face down in the boat above the precursor.
270 mg sulfur (Z99.9%, Aladdin) was located outside of the
furnace, warmed up by heating tape. The furnace temperature
was increased up to 750 1C at a rate of 15 1C min 1 and held
constant for 30 minutes at this point, and then cooled down
naturally. When the furnace temperature reached 650 1C, the
heating tape started working. The growth was carried on under
atmospheric pressure with 10 sccm argon flow.
During the transfer process, a thin layer of PMMA (495 K,
A11, MicroChem) was spun coated firstly on the CVD grown
MoS2, and then baked for 3 minutes at 150 1C. Next, the sample
coated by PMMA was floated on 30% HF solution to etch SiO2.
Finally, the detached film was cleaned in deionized water
several times and transferred to the target substrate.
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Conclusions
In summary, we successfully fabricated a flexible and highperformance p-CuO/n-MoS2 heterojunction based photodetector. We take advantage of the unique characteristics in
CVD-grown monolayer MoS2, such as a strong piezoelectric eﬀect
and simple determination of polarity direction, to optimize the
optoelectronic performance of flexible detectors by applied
strain. Based on the piezo-phototronic eﬀect, the piezopotential
induced by monolayer MoS2 under strain conditions has
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